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Abstract 
The emerging offerings referred to as Product-Service-Systems (PSS) require high adaptability of products to permanently changing customer 
requirements and operation conditions to ensure the contractually guaranteed performance. Thus the product lifecycle is characterized by 
several engineering changes (EC) made throughout, especially within the operation phase. Those changes have different triggers so that each 
change process is unique. EC process managers who are responsible for planning and execution of EC must take into account the particularities 
of each EC related to its permanently changing boundary conditions. Especially the heterogeneity and dynamic of PSS requires a prompt 
reaction to unforeseeable events and consequently adaptation of the EC process in real-time. Traditional Engineering Change processing 
approaches provide pre-defined engineering change processes, which a priori define the required workflows and cannot by adapted in real-time. 
The required adaptability of EC processes requires a distinction between what must be achieved representing the process goals of an EC. And 
the way how those goals should be achieved depending on the boundary condition of the EC process which represents the process activities. 
Hence, the paper in hand presents a knowledge-based assistant that supports EC process managers by planning, and execution of such goal-
oriented adaptive EC processes. The assistant provides a graphical tool that supports the one hand the modeling and knowledge-based planning 
of goal-oriented EC process and their real-time execution. On the other hand, it provides an intuitive and knowledge-based information 
environment based on the analysis of a developed EC ontology that contains the different elements involved within the EC process and their 
complex and dynamic relationships. 
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1. Introduction 
In today’s highly competitive markets new industrial 
business models with a guaranteed performance that are based 
on the offering of customer specific solutions referred to as 
Product-Service-Systems (PSS) are penetrating the market[1]. 
In order to ensure the customer-specific guaranteed 
performance (e.g. availability), PSS providers are faced with 
big challenges as regards engineering, including the planning, 
development, manufacturing, and operation of PSS with fast 
adaptation to changing operation conditions. Engineering 
changes (EC) occur throughout the entire PSS lifecycle from 
the time a concept is selected to when it finally goes out of 
service, even though activity varies significantly depending 
on which phase of its lifecycle a PSS is currently in [2]. 
Throughout the entire PSS lifecycle, EC can be triggered by 
different drivers. They can be technological (e.g. the 
emergence of new technologies), environmental (e.g. an 
increasing shortage of resources), political (e.g. legislation 
amendments), social (e.g. new customer demands), or 
economic (e.g. the decrease in customer demand due to the 
current economic downturn) [3]. Hence the prompt reaction to 
these unforeseeable changes along the entire lifecycle have a 
significant impact on the economic success of a company [4]. 
Each EC process is unique and depends on different technical 
and organizational boundary conditions, as well as their 
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relationships and mutual influence of product and service 
components. EC process manager who is responsible for PSS 
EC processes is faced with the challenge of planning, 
execution, and real-time adaptation of specific EC processes 
taking into account all mentioned factors [3]. This required 
adaptability can be provided by distinction between what 
must be achieved within the EC process representing several 
EC process goals (milestones) which can be company specific 
and defined a priori. And the way how those goals can be 
achieved which depends on the actual context of the EC. 
Thus, the EC process manager has to define an EC goal model 
containing milestones (e.g. Release of change request) as well 
as the contributing sub-goals (e.g. impact analysis) and their 
interaction to each other. Furthermore, he has to select 
appropriate activities for achieving those goals and allocate 
them to actors. And he has to define required input and output 
documents for each activity. However, this selection depends 
on PSS modules affected, relevance of the EC, availability of 
resources, and other PSS related constrains. Therefore, there 
is a need for a knowledge-based assistant to support EC 
process managers by planning and execution of such agile and 
goal-oriented EC processes. The EC process manager should 
be supported on the one hand by the modeling of the EC 
process goal model, selection of activities and their allocation 
to actors and the real-time execution of the EC process. On 
the other hand by getting a comprehensive overview over the 
context of the EC process showing the dependencies of the 
elements involved (e.g. who executes which activities and 
which documents he generated) in order to enhance the 
interaction between the EC process manager and the EC 
process. 
2. Requirements and State of the art 
Based on the analysis of the role of the EC process 
manager, the particularities of PSS related EC processes as 
well as common industrial reference EC processes the 
following requirements to a knowledge based EC assistant 
have been identified: 
x Modeling EC process goal model: graphical environment 
for modeling a hierarchy of EC process goals describing 
the different milestones and their interdependencies (e.g. 
the goal “Change Request Released” requires that the goal 
“Change Request analyzed” has already been achieved.  
x Usage of process knowledge: The execution of an EC 
process depends on its context. This must be provided by a 
knowledge model. 
x Process evaluation: based on the defined goals and their 
interdependencies as well as the EC process knowledge, 
the context of the process must be analyzed to define the 
appropriate activities and to guarantee goal achievement. 
x User centricity: The real-time interaction between users 
and the EC process opens up opportunities for a better 
understanding and information about the ongoing EC 
process and facilitates high flexibility. 
x Event recording: A control loop mechanism is required for 
the recording of occurring events, which triggers a new EC 
process evaluation (e.g. time restrictions or the availability 
of capacities). 
x Close integration of partners: executable activities must be 
executed independent of company-specific process 
management solutions.  
x Usage of standards enabling a smooth integration in legacy 
systems. 
In the last decades, several methods and standards such as 
part 4 of DIN 199 (Technical Product Documentation), ISO 
10007:2003 (Guidelines for configuration management and 
release management) and Recommendation VDA 4965 
Engineering Change Management (ECM), as well as 
Configuration Management II (CMII) have been developed 
for the management of EC. The ECM approach has been 
established in most industrial companies throughout the last 
few decades. Hence, EC processes are often implemented as 
templates within a PLM or ERP solution. Current obstacles to 
the adaptability of those methods are the deterministic and a 
priori and firmly planned EC processes, which serve as a basis 
for the implementation of all activities to achieve the desired 
goals [3]. Such processes limit corporate innovation skills and 
the responsiveness to unforeseeable changes. Within a given 
scope, an adaptive goal-oriented EC process can make an 
important contribution. Thus, considerable efforts were made 
to develop goal-oriented business process modeling 
approaches. Whitestein has developed an agile and goal-
oriented ECM system that defines the EC process as a goal 
hierarchy. For the achievement of each goal execution, plans 
are assigned as intelligent BDI-Agents [5]. Based on this 
approach, Abramovici et al. have developed an adaptive 
change management for future Product Service Systems 
which takes into account the human factor using the process 
execution language BPEL4People [3]. It introduces the 
definition of human tasks and notifications, including their 
properties, behavior, and a set of operations used to 
manipulate human tasks [6]. However, the BDI-agents 
principle does not consider goal and plan dependencies [5] as 
well as the relationship to the product components affected by 
the EC. Thus, a continuous evaluation of the whole EC 
process is not supported. This requires a company-specific 
knowledge representing the interdependencies between the 
organization, the process, and the product itself. Furthermore, 
the modeling of the BDI-agents and the formal modeling 
language requires specialized experts. An ad-hoc integration 
of activities done by partners within the own EC process as 
well as the interaction with other legacy systems e.g. ERP 
could prove rather difficult. The usage of BDI-agents 
represents a full and automated solution that avoids human 
knowledge which is highly useful in critical situations. 
However, the mentioned approaches do not meet the 
identified requirement above. Hence, a knowledge-based 
assistant for real-time definition and execution of EC 
processes has been developed. 
3. Knowledge-based assistant for real-time definition and 
execution of engineering change processes 
According to the identified requirements, an assistant has 
been developed that combines different methods enabling the 
real-time definition and execution of an EC process, which 
constitutes an agile approach to tackle permanently changing 
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boundary conditions, and which links the human resource and 
context knowledge to the EC process (Fig. 1).  
In contrast to full automated approaches, the integration of 
human knowledge and experience does not limit an ad-hoc 
intervention of actors, which can have a better understanding 
about the process and its boundary conditions. Therefore, the 
paper in hand presents a knowledge-based assistant 
supporting EC process managers for a real-time definition and 
execution of EC processes during the whole lifecycle. The 
assistant provides an EC modeling assistant that consists of an 
intuitive graphical modeling environment based on the 
specification of goal-oriented process modeling language 
GRL. It supports the modeling of a comprehensive and 
company-specific generic EC process goal model. Goals 
represent the different milestones (e.g. Change Notice 
released) to be achieved within an EC process related to each 
single EC. The generated model can be analyzed permanently 
to check the achievement states of goals which results from 
the interdependencies between them. For achieving those 
goals the assistant needs to analyze the context of an EC (e.g. 
available resources) in order to identify appropriate activities 
and their allocation to resources. Therefore, the GRL-based 
EC process goal model is mapped to a developed EC 
ontology. The EC ontology describes all the elements (e.g. 
goals, activities, roles, documents, etc.) related to the EC 
domain as well as their relationships. Using inference 
mechanisms, the EC ontology extends the described 
knowledge by reasoned relationships that change dynamically 
based on real-time information. In the case of trouble during 
the execution of the EC process, the EC manager has the 
possibility to define new activities or to assign activities 
which were not proposed by the assistant. The assistant 
permanently checks the plausibility of those manipulations 
and provides the EC manager with corresponding feedback. 
Furthermore, the assistant provides an EC information 
assistant that consists of a comprehensive information 
environment about the context of the EC process. The EC 
manager can switch between different views (goal-, activity-, 
actor-views etc.) for a better overview on the process. He can 
identify which documents are required for an activity or 
which actors are involved in which activities, and which 
documents they have generated etc. This enhances his 
interaction with the EC process and enables a high flexibility 
and reduces modeling failures due to poor knowledge about 
the context of each single EC process. For each activity, the 
EC process engine initiates an appropriate partial BPEL 
process element which can be executed as web-services 
within different PLM and ERP legacy systems in real-time. In 
case of trouble, a new evaluation of the EC ontology and the 
EC process model provides alternative activities, and the EC 
process can be updated in real-time to ensure the achievement 
of the same goals. 
For instance, using the EC assistant, an EC process 
manager defines a company-specific EC goal model. The 
model specifies that a problem or improvement potential must 
be identified in order to require a change. Thus, the high level 
goals “ProblemReport released” or “ImprovementReport 
released” are described in the EC goal model. The model also 
contains goals like “Engineering Change Request released”, 
“Engineering Change Order released”, etc. which describe 
further goals to be achieved. Each goal consists of sub-goals 
which contribute to its achievement. The release of an 
engineering change request requires a number of sub-goals 
such as “EC impact analyzed” etc. How this goal can be 
achieved depends on the components affected, the problem 
description, and other constraints. The EC ontology contains 
some evidence that in case of an electronic problem no 
mechanical impact analysis is required, and further 
knowledge about the competences of available actors are 
provided. The EC assistant estimates the required activities 
(e.g. Impact analysis on online service) and allocates them to 
the corresponding actors. The responsible EC process 
manager can interact with the assistant and complete some 
activities if required. Once the activities have been defined, 
the EC process engine carries out a plausibility check of the 
GRL-based EC process goal model completed with the 
defined activities. Reasoning algorithms analyze whether the 
EC goals can be satisfied. If yes, an executable EC process 
workflow is generated including the defined activities. Thus, 
the activity “Impact analysis on online-service” is initiated 
and allocated to service engineers, who are automatically 
notified. Otherwise the reasoning algorithms refer to the 
inconsistent activities and the level of satisfaction of the EC 
process goals. Troubles occurring during the execution of the 
process workflow are recorded (e.g. the allocated service 
engineer is no longer available). This triggers a new 
evaluation of the EC goal model as regards the satisfaction of 
the goals. 
 
 
 
Fig. 1: Framework of the knowledge-based engineering change assistant 
The following sections outline the single methods used by 
the EC assistant in greater detail. 
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3.1. Engineering change process goal model
Each EC has a particular goal that is reached by achieving
different sub goal. Thus, the first step is the definition of an
EC process goal model. This represents a hierarchy of goals
which describes what must be done in order to implement an
EC. EC process goals describe procedural states that must be
achieved within the EC process (e.g. Change Request
released). Each goal can be achieved by selecting appropriate
activities in the context of the EC from the space of possible
activities. In the case of trouble arising, alternative activities 
can be selected in order to achieve the same goal.
To define an EC process goal model, different goal-
oriented modeling approaches have been analyzed. These are
located in the areas of artificial intelligence [7] and 
requirement engineering [8]. The most suitable language to 
describe the above-mentioned goal types is the Goal-oriented
Requirement Language (GRL) that supports goal-oriented
modeling and reasoning of requirements. In contrast to the
goal-oriented method developed by Whitestein [5], the use of 
GRL allows the modeling of interdependences between goals. 
It provides constructs for expressing various types of concepts
that appear during the EC process. Four categories of 
concepts are available: intentional elements, tasks, links, and 
actors:
x Intentional elements describe the EC process goals.
x Tasks describe the activities which contribute to achieve
goals.
x Links represent the relationships among these elements 
(Contribution, decomposition, dependency, and belief 
links). 
x Actors describe the process responsibilities.
Using this approach, the modeling focuses more on why
certain goals must be achieved for implementing an EC, than
on how they must be achieved. At this stage, the modeler is
no yet interested in the operational details of the EC process
to be executed. Omitting these kinds of details during the first 
step of the analysis (and the design) allows taking a higher-
level (sometimes referred to as a ‘strategic stance’) towards 
modeling the initial EC process, which should be instantiated
later in real-time.
According to the principles of GRL, a reference EC goal
model has been developed which can be imported into the 
assistant. Therefore, the most known engineering change
reference processes (e.g. VDI, CMII …) have been analyzed
to identify EC process goals, and the involved roles. Fig. 2
above illustrates the developed EC goal model. Based on that 
model, EC managers are enabled to generate their own model
which takes into account the constraints of the individual
company.
Fig. 2: Engineering change goal model
3.2. Engineering change ontology
In order to generate a specific EC process for a given 
change purpose, which takes into account current
circumstances, the defined GRL-based EC goal model must
be extended to an operational EC process including the
appropriate activities and their allocation to actors for 
achieving these goals. Depending on the nature of the change, 
the affected modules and other boundary conditions, as well 
as the way to achieve a goal may be different. Thus, the
context of the change has to be analyzed including current
information about the change (e.g. the availability of 
resources, time restrictions, and available data). The analysis 
of the change context requires an exploration of complex 
dependencies among different organizational, procedural, and
intentional aspects, to determine the most suitable way to 
achieve the assumed goals. Therefore, the EC assistant uses
an ontological approach for the description of the EC domain 
and serves as an enabler for knowledge-based transformation
of the EC goal model into an operational EC process.
Ontologies allow the conceptual modeling of complex and
dynamic relationships and provide a shared and common 
understanding of some domain that can be communicated 
across people and computers [9]. The resulting knowledge
model is permanently enriched with instance information of 
all the elements described. Using inference mechanisms,
implicit relationships new evidence are identified, so that the 
EC ontology represents a virtual reflection of the context of 
the EC.
The assistant provides a graphical interface for allowing
both interaction with the EC process and a comprehensive
presentation of relevant data and information. It provides 
different views on the EC process (Fig. 3) which extract the 
knowledge encoded in the EC ontology. The goal view
focuses on the set goal and intuitively displays the state of the 
goal (e.g. achieved, in schedule, etc.) as well as the required 
activities and the involved actors. For the allocation of 
activities to actors, the assistant explores the EC ontology and 
suggests actors which have the required competences and are
available. If manipulations to the EC process model are
required, the EC ontology is evaluated to check the
plausibility of the change made. The activity view provides all
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information related to the activity such as the involved actors, 
the required documents, and updated and generated 
documents. Other views like the actor’s and the organizational 
view provide more details about the context of the EC.  
 
 
Fig. 3: The actor view within the smart EC assistant 
Using the Web Ontology Language (OWL) The developed 
EC ontology describes all concepts (or entities) involved in an 
engineering change and their relationships, as well as the rules 
and axioms describing their interaction which are required for 
reasoning purposes. OWL is widely used in several domains, 
comes in the form of an official standard by the W3C and is 
well supported by a range of tools and APIs. In addition, it 
can serve various goals of using semantic annotations for 
conceptual models such as the building of formal thesauri, the 
representation of complex domain knowledge in a formal, 
machine processable way or as starting point for executing 
queries on the formal specifications and the definition of rules 
e.g. by using the semantic web rule language SWRL [10]. 
In a first step, the EC taxonomy has been developed that 
represents three main components within the EC domain (Fig. 
4): 
 
 
Fig. 4: Engineering change ontology 
 
x EC content represents all of the documents related to an 
EC. They are classified into three categories: 
o EC object contains all documents, models and data 
affected by a change or required during the execution 
of the EC. 
o Administrative EC document contains the officially 
released documents that are the result of a main EC 
process phase and related to continue or reject a 
decision. 
o Operative EC document contains documents created 
during the EC activities. 
x EC organization summarizes the organizational concepts 
involved in a change: 
o EC partner represents the companies involved like 
providers, customers, or suppliers. 
o EC organization represents the different departments 
involved in an EC process. 
o EC actor represents the different profiles of employees 
that are involved in an EC process. 
o EC role represents the EC-specific roles taken by the 
different actors. 
x EC process summarizes the procedural concepts of an EC 
defining the range of goals and activities required. 
o EC process goal is one of the most important concepts 
and represents the milestones or deliverables, which 
are achieved by the execution of process activities.  
o EC process activity represents tasks contributing to 
achieving an EC process goal and are executed by 
actors. 
Each goal in the GRL-based EC process model has a 
corresponding concept in the EC ontology in order to ensure a 
permanent mapping. 
The introduced taxonomy has been enriched with different 
relationships and axioms that describe the semantics of the EC 
domain. For instance, these relationships and rules can 
express the fact that the ‘ChangeImpactAnalyzed’ change 
process goal that depends on the affected 
‘MicroMillingSpindle’ module requires the involvement of 
the spindle’s supplier ‘SpindelTEC ’and the examination of 
the ‘AvailabilityOfMicroMillingStation’ requirement, in order 
to satisfy ‘EnhanceAvailability’, the intentional change goal. 
Thus, the activities ‘AnalyzeRequirements’, 
‘AnalyzeMaintenanceProcess’, ‘AnalyzeCosts’, etc. are 
automatically reasoned to achieve that goal. Furthermore, the 
assignments to concerned actors and the related information 
and documents like ‘MaintenancePlan’ are settled. 
The EC ontology provides knowledge about the change 
domain and integrates the instances of actors, documents, etc., 
which are relevant for the description of the context of each 
change and for the real-time selection of the appropriate 
activities. 
3.3. The engineering change process engine 
The EC process engine has been conceived to transform 
the EC process goal model into an executable business 
process in real-time. The engine is a workflow management 
system consisting of a library of executable BPEL execution 
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plans for each activity defined in the ontology. For instance, 
the activity “releaseChangeNotice” requires a company-
specific workflow that executes a single step implemented 
within the leading enterprise platform (e.g. PLM, ERP), 
which executes the single steps. The EC process engine 
instantiates an activity and informs the involved actors and 
sets the required rights for viewing or editing documents. 
During the execution of the activities several events are 
recorded. Real-time information and states are updated into 
the ontology to allow a permanent evaluation of the whole EC 
process and to make modification if required. Each activity 
described as a concept in the EC ontology refers to a data 
property which represents an execution plan expressed by a 
WS-BPEL process. WS-BPEL (Web Service-Business 
Process Execution Language) is an XML-based language for 
modelling and executing workflows based on web-services, 
and it features a recursive aggregation model [11]. BPEL, 
however, supports the interaction with humans but not among 
them. BPEL processes communicate exclusively via web 
services that have an interface to humans. The specification 
BPEL for people (BPEL4P) is based on the standard Web-
Service Human Task (WS-HT) and integrates human actors as 
an implementation of a web service into a BPEL process. 
These services are called ‘tasks’ and can be described using 
WSDL (Web-Service Description Language) portable and 
triggered via SOAP messages (Simple Object Access 
Protocol). Thus, BPEL4P describes how human interaction 
can be integrated into a BPEL process. Hence, the standard 
introduces new types of activities (people activities) which 
explicitly represent human activities in the executable process 
model. The interaction between human and WfMS is 
controlled by coordination protocols. Furthermore, the 
activity can be scheduled by defining a deadline, which can 
trigger an escalation once the deadline has expired [12]. 
Typical application possibilities are e.g. grant approval or 
assignments and the organization of responsibilities defined in 
the change process ontology. 
4. Conclusion and Outlook 
The presented EC assistant provides a knowledge-based 
approach for enhancing interaction between EC managers and 
the EC process, and supports them by real-time definition and 
execution of EC processes, which facilitate prompt reaction to 
changing boundary conditions for the entire lifecycle of smart 
products and Product Service Systems. The assistant provides 
an EC modeling assistant based on the GRL-Language which 
supports the definition of set goals to be achieved within an 
EC process. It also supports real-time user interaction with the 
EC process. Using the EC information assistant users are 
effectively informed about the context of the EC, they can 
create and manipulate it in real-time. The required knowledge 
for the transformation of the EC goal model into an operative 
executable EC process is provided by the EC ontology. The 
smart EC process engine uses inference mechanisms to 
evaluate the EC process and its context, and generates an 
executable WS-BPEL-based EC process that integrates 
human tasks. 
The developed assistant represents a part of a holistic 
lifecycle management approach for PSS [5]. A prototype has 
been implemented using the .NET Framework as a graphical 
Windows application. The graphical user interface is directly 
related to GRL-based EC Goal model as well as the EC 
ontology. There is no data base required. All Modeling tasks 
are immediately written and read from both models. A 
validation will be conducted based on a PSS engineering 
process developed with the other PSS research partners. 
Future research aims at developing an integrated IT 
solution consisting of suitable functionalities for the 
management of the previously described adaptive engineering 
change processes. Moreover, the engineering change ontology 
can be coupled with product ontologies to facilitate impact 
and propagation analyses on changes to product components, 
which can enhance decision making during the change 
process. 
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